6.0 EMISSIONS FROM COMBUSTION SOURCES

Mercury is often found as atrace contaminant in fossil fuels or waste materials. When these
materials are combusted, the combination of the elevated temperature of the process and the volatility of
mercury and mercury compounds resultsin mercury being emitted in the combustion gas exhaust stream.
This section addresses mercury and mercury compound emissions from seven stationary source combustion
processes:

- Coal combustion

- Oil combustion

- Wood combustion

- Municipal waste combustion
- Sewage dudge incineration

- Hazardous waste combustion
- Medical waste incineration

These seven processes fall into two general categories. Thefirst three involve fue combustion for energy,
steam, and heat generation, while the last four are primarily waste disposal processes, although some energy
may be recovered from these processes. A summary of the estimated emissions from each of the above
categoriesisasfollows:

Category Emissions, Mg (tons)
Coal combustion 67.8 (74.6)

Qil combustion 7.4(8.1)
Wood combustion 0.1(0.2)
Municipal waste combustion 26 (29)
Sewage dudge incineration 0.86 (0.94)
Hazardous waste combustion 6.3(6.9)
Medical wasteincineration 14.5 (16)

The paragraphs below provide a general introduction to the two combustion categories. As part of
thisintroduction, a summary of nationwide fuel usageis presented in detail. Thisinformation was used to
develop nationwide emissions of mercury for different sectors and fuels.

In 1994 the total annual nationwide energy consumptioninthe Unlted States was
93.584 x 10 5 megyy joules (MJ) (5 8.789 x 101 British thermal units [Btu]) Of thistotal, about
54.889 x 1012 MJ (52.077 x 10%° Btu) or 59 percent involved consumption of coal, petroleum products, and
natural gas in nontransportation combustion processes. (No data were available on energy consumption for
wood combustion from the U.S. Department of Energy.) Table 6-1 summarizesthe 1994 U.S. distribution of
fossil fuel combustion as afunction of fuel type in the utility, industrial, commercial, and residential sectors.
The paragraphs below provide brief summaries of fuel use patterns; additional details on fuel consumptlon by
sector for each State can be found in " State Energy Data Report, Consumption Estimates, 1994"%°.

Asshown in Table 6-1, at 22.129 x 1012 MJ (20.995 x 101° Btu) per year, the industrial sector isthe

largest consumer of fossil fuels. This sector uses a mixture of natural gas (46 percent), fuel oil (7 percent),
other petroleum fuels (35 percent), and coal (12 percent). The other petroleum fuels that are
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TABLE 6-1. 1994 DISTRIBUTION OF FOSSIL FUEL CONSUMPTION IN THE UNITED STATES

Annual energy consumption, 102 MJ (10° Btu)
Fuel Utilities Industrial Commercia Residential Total
Bituminoug/lignite coal 17.760 2.642 0.076 0.041 20.519
(16.850) (2.507) (0.072) (0.039) (19.468)
Anthracite coal 0.018 - 0.012 0.017 0.047
(0.017) --) (0.011) (0.016) (0.044)
Didtillate ail 0.100 1.169 0.489 0.928 2.686
(0.095) (1.109) (0.464) (0.880) (2.548)
Residual ail 0.893 0.448 0.184 - 1.525
(0.847) (0.425) (0.175) ) (1.447)
Other petroleum fuels 0.027 7.710 0.121 0.485 8.343
(0.026) (7.315) (0.115) (0.460) (7.916)
Natural gas 3.222 10.160 3.139 5.249 21.770
(3.057) (9.639) (2.978) (4.980) (20.654)
Totd 22.020 22.129 4.021 6.719 54.889
(20.892) (20.995) (3.815) (6.375) (52.077)

Source: Reference 39.

used include primarily liquified petroleum gas, asphalt and road oil, and other nonclassified fudls. Again, the
distribution among the three fuel types varies substantially from State to State, with each of the three
contributing significant fractionsin most States. Notable exceptions are Hawaii, which relies almost
exclusively on petroleum fuels; Alaska, which relies primarily on natural gas; and the northeastern States of
Connecticut, New Hampshire, Rhode |dand, and Vermont, which use almost no coal.

The ut|I|ty sector is the second largest fossil fuel energy consumer at the rate of 22.020 x 1012 MJ
(20.892 x 10%° Btu) per year. About 81 percent of this energy was generated from coal combustion, with
bituminous and lignite coal contributing substantially greater quantities than anthracite coal. Infact,
Pennsylvaniaisthe only State in which anthracite coal is used for electric power generation. AIthough most
States rely primarily on coal for power generation, the distribution among fossil fuels varies from State to
State, and several States rely heavily on natural gas and fuel oil for power generation. In California, natural
gas provides about 97 percent of the fossil-fud based electricity production, and no coal is used. In Hawaii,
fud oil isused exclusively, while in Oklahoma and Texas, a mixture of coal and natural gas are used. In
Florida, Louisiana, Massachusetts, and New Y ork, coal, fudl oil, and natural gas each represent a substantial
fraction of the power generation. The States of |daho, Maine, Rhode Island, and Vermont have no coal fired
utilities. Idaho relies exclusively on hydroelectric power, while the New England States use a mixture of fuel
oil, natural gas, nuclear, and hydroel ectric power.

Asshownin Table 6-1, substantially smaller quantities of fossil fuel are used in the commercia and
residential sectors than are used in the utility and industrial sectors. The fuels used are primarily natural gas,
fud oail, and liquified petroleum gas (the "other petroleum fudls' in the residential category). Almost all
States use a mixture of the fuels, but the distributions vary substantially, with some States like Californiaand
Louisianausing primarily natural gas and others like New Hampshire and Vermont using a much greater
fraction of fud oil. One unique case is Pennsylvania where anthracite cod is used in both the residential and
commercial sectors.

Intheindividual sections below, additional information will be presented on the mercury content of
the different fuels and on the relationship between fud type and emissions. However, for any geographic
area, the contribution of energy generation sources to mercury emissions will be a function of the distribution
of fuels used in the different sectors within the area.

The sources within the second combustion category are engaged primarily in waste disposal.
Mercury emissions from these processes are related to the mercury levelsin the waste. The different waste
types are generally characterized with distinct source categories.

Furthermore, these waste disposal practices are not strongly related. Consequently, each of these
categories will be characterized individually within the sections below rather than in ageneral discussion here.

6-2



The seven sections below have a consistent organization. First, the characteristics of the fuel or waste are
described and, in the case of the waste combustion processes, the general source category is also described.
Second, process descriptions are presented and emission points are identified. Third, available emission
control measures are identified and described. Finaly, emission factors are presented. A discussion of the
sampling and analytical methods used to determine the mercury emission levels from combustion sourcesis
presented in Section 9.

6.1 COAL COMBUSTION

As presented in Table 6-1, most coal combustion in the United States occursin the utility and
industrial sectors, with about 87 percent being bituminous and lignite combustion within the utility sector and
about 13 percent being bituminous and lignite combustion in the industrial sector. Consequently, the focus of
the discussion below will be on bituminous and lignite coal combustion in utility and industrial boilers.
However, limited information on anthracite coal combustion will also be presented.

6.1.1 Coa Characteristics

The coal characteristics of greatest interest in evaluating mercury emissions from coal combustion
are coa heating values and coal mercury content. Mercury emissions are a direct function of the mercury
content, while heating values are used to convert emission factors between mass input-based and heat
input-based activi}y levels. This section briefly summarizes the information about coal heating levels and
mercury content.*%41:42 More complete summaries can be found in Reference 40 and detailed analyses of
coal mercury content as afunction of coal type and geographic region can be found in Reference 41 and
Reference 42.

Coal isacomplex combination of organic matter and inorganic ash formed in geologic formations
from successive layers of fallen vegetation and other organic matter. Coal types are broadly classified as
anthracite, bituminous, subbituminous, or lignite, and classification is made by heating values and amounts of
fixed carbon, volatile matter, ash, sulfur, and moisture.*3 Formulas for differentiati ng coals based on these
properties are available** These four coal types are further subdivided into 13 component groups. Table 6-2
summarizes information about the heating values for these component groups.

The heating value of coa varies among coal regions, among mines within aregion, among seams
within amine, and within aseam. The variability isminimal compared to that found with trace metal levels
described below, but it may be important when fuel heat content is used as the activity level measure for
source emission calculations. Data presented in Table 6-3 illustrate the regional variability of coal heat
content. Heat content among coals from several different mines within aregion appears to exhibit greater
variability than either variability within amine or within a seam. For the sample points presented in
Table 6-3, intermine variability averaged 15 percent, intramine variability 7 percent, and intraseam variability
3 percent. Because few combustion sources burn coal from just one seam or one mine, coal heat content
variability may significantly affect emission estimates that are being calculated using emission factors, coal
use data, and coal heat content data, even if the source getsall its coal from the same area of the country.40

To an even greater extent than the heating value, the mercury content of coal varies substantially
among coal types, at different locations in the same mine, and across geographic regions. The most
comprehensive source of information on coal composition isthe United States Geological Survey (USGS)
National Coal Resources Data System (NCRDS). Geochemical and trace element data are stored within the
USCHEM file of NCRDS. Asof October 1982, the file contained information on 7,533 coal samples
representing all U.S. coal provinces. Trace element analysis for about 4,400 coal samples wereincluded in
the data base. This computerized data system was not accessed during the current study due to time and
budgetary constraints and information from USGS that indicated that few data had been added to the system
since 1972; however, asummary of the data presented in Reference 40 was reviewed. The most extensive
source of published trace element data was produced in Reference 42. This report contains data for 799 coal
samples taken from 150 producing mines and includes the most important U.S. coal seams. Data from
Reference 42 was the initial input into the USCHEM file of NCRDS. The information presented here
summarizes the review presented in Reference 40 of the results published in References 41 and 42. Note that
those results are consistent with unpublished analyses conducted by USGS on the data
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TABLE 6-2. COAL HEATING VALUES

Heating value, kJkg (Btu/lb)
Component o
Coal class group Definition Source? Range? Mean?
Anthracite Al Meta-anthracite  |PA,RI 21,580-29,530 25,560
(9,310-12,740) (11,030)
A2 Anthracite CO,PANM 27,700-31,800 30,270
(11,950-13,720) (13,000)
A3 Semianthracite ARPAVA 27,460-31,750 29,800
(11,850-13,700) (12,860)
Bituminous B1 Low volatile ARMD,OK,PA, | 30,640-34,140 32,400
bituminous Wwv (13,220-14,730) (13,980)
B2 Mediumvolatile  [AL,PAVA 31,360-33,170 32,170
bituminous (13,530-14,310) (13,880)
B3 Hig_h volatile AL,COKSKY, | 28,340-35,710 31,170
A bituminous MO,NM,PA, (12,230-14,510) (13,450)
TN, TX,UT,\VA,
WV

B4 High volatile ILLKY,MO,0H, | 26,190-30-480 28,480
B bituminous UT,wWwYy (11,300-13,150) (12,290)

B5 High volatile IL,IN,JA,MI 24,450-27,490 26,030
C bituminous (10,550-11,860) (11,230)

Subbituminous S1 Subbituminous A  |MT,WA 23,940-25,820 24,890
(10,330-11,140) (10,740)

S2 SubbituminousB  [WY 21,650-22,270 21,970

(9,340-9,610) (9,480)

S3 SubbituminousC |CO,WY 19,280-19,890 19,580

(8,320-8,580) (8,450)

Lignite L1 Lignite A ND,TX 16,130-17,030 16,660
(6,960-7,350) (7,190)

L2 LigniteB NA NA NA

Source: Reference 40.

3NA = not available.
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TABLE 6-3. EXAMPLES OF COAL HEAT CONTENT VARIABILITY

Coal heat content, Btu/lb

Percent variation

Variability Coal source Mean Range? about the mean
Eastern U.S. 12.7
12,320 10,750 - 13,891 )
Intermine variability Central U.S. 10.772 9147 - 12.397 15
Western U.S. 17
11,227 9,317 - 13,134
Eastern U.S. 12,950 NA 4.8°
10,008 9,182 - 10,834 8.0
12,000 11,335 - 12,665 55
Intramine variability | cayeg Us, 12,480 NA 5.7¢
10,975 9,667 - 12,284 12.0
Western U.S. 10,351 9,791 - 10,911 54
Eastern U.S. 12,230 NA 3.09
Intraseam variability Centra U.S. 10,709 10,304 - 11,113 37
Western U.S. 11,540 NA 2.5%

Source: Reference 40.
8NA = not available.

bBased on a standard deviation of 624.
®Based on a standard deviation of 708.
dBased on a standard deviation of 371.
®Based on a standard deviation of 291.
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contained in NCRDS as of 1989.%° More information on the sampling and analysis of mercury in coa is
presented in Section 9.

Table 6-4 presents information on the mean concentration of mercury in coal and on the distributions
of mercury concentrations by coal type. Bituminous and anthracite coals have the highest mean mercury
concentrations, 0.21 parts per million by weight (ppmwt) and 0.23 ppmwt, respectively. The standard
deviation of each mean either approaches or exceeds the mean, indicating strong variation in the data.
According to Reference 40 subbituminous coals have the greatest reported range of mercury concentrations
(0.01to 8.0 ppm). Based on conversations with USGS personnel, the means reported in Table 6-4 are
regarded as typical values for in-ground mercury concentration in coalsin the United States.*

TABLE 6-4. MERCURY CONCENTRATION IN COAL BY COAL TYPE

Mercury concentration, ppmwt
Standard
Coal type No. of samples Range Arithmetic mean deviation
Bituminous 3,527 <0.01t03.3 0.21 0.42
Subbituminous 640 0.01t0 8.0 0.10 0.11
Anthracite 52 0.16t00.30 0.23 0.27
Lignite 183 0.03t0 1.0 0.15 0.14

Source: Reference 40.

Other estimates of mercury concentration in coal have been developed. The U. S. EPA, in the Study
of Hazardous Air Pollutant Emissions from Electric Utility Steam Generating Units, used a USGS data base
containing analyses of 3,331 corg and channel samples of coal from the top 50 (1990 and later) economically
feasible coal streamsin the U.S.3346 | ndustry reviewed the USGS data set and, under a separate effort,
screened the data to remove about 600 entries representing coal seams that could not be mined
economically.?’ Because the average mercury concentration of the screened data set was virtually the same as
the mercyry concentration when the full USGS data set was used, EPA elected to use the USGS data set inits
entirety.33 "Other data sets showing concentrations about 50 percent lower than the USGS data set average
are based on significantly lower numbers of samples.4’

The concentration of mercury in coal also varies by geographic region from which the coal is mined.
Based on the "best typical" values for each region, which are footnoted in Table 6-5, coals from the
Appalachian and Gulf Provinces have the highest mean mercury concentration, 0.24 ppmwt for both regions.
Also, based on the best available data, the lowest mean concentration is found in coals from the Alaska region
(0.08 ppmwt). However, note that another study showed substantially higher levels (4.4 ppmwt). That study
also showed that the greatest range of concentration is found in coals from the Alaska region with areported
range of 0.02 to 63 ppmwt The means reported in Table 6-5 may be regarded as typical in-ground
concentrations of mercury in coals from each geographic region.

6.1.2 Process Description

Asshownin Table 6-1, amost all coal combustion occursin utility and industrial boilers. Almost all
of the coal burned is bituminous and subbituminous (95 percent) and lignite (4 percent).*® However, the
processes used for the different coals are comparable. The paragraphs below first describe the boilers used
for bituminous coal combustion. Then, lignite and anthracite combustion are described briefly.

References 48 and 43 offer additional details on these processes.

The two major coal combustion techniques used to fire bituminous and subbituminous coals are
suspension firing and grate firing. Suspension firing is the primary combustion mechanism in pulverized coal
and cyclone systems. Gratefiring is the primary mechanism in underfeed and overfeed stokers. Both
mechanisms are employed in spreader stokers.

Pulverized coal furnaces are used primarily in utility and large industrial boilers. In these systems,
the coal is pulverized in amill to the consistency of talcum power (i.e., at least 70 percent of the particles
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TABLE 6-5. MERCURY CONCENTRATION IN COAL BY REGION

No. of Mercury concentration, ppmwt
Region samples Range Arithmetic mean Standard deviation
Appdachian 2,749 0.24% 0.47
331 <0.01-3.3 0.24P
Interior 592 0. 143 0.14
155 0.01-0.83 0.14 ---
--- 0.01-1.5 0.15 ---
Illinois Basin® 82 0.03-1.6 0.21 0.22
0.16-1.91
Gulf Province 38 0.243 0.19
34 0.03-1.0 0.18 ---
Northern Plains 371 0.112 0.10
490 0.01-3.8 0.11 ---
Rocky Mountains 184 0.092 0.12
124 0.01-1.48 0.06°
--- 0.01-8.0 0.11 ---
Alaska 107 --- O.O%a 0.07
18 0.02-63 4.4 ---

Source: Reference 40.

@ Values from Reference 41 are based on the most comprehensive data set currently available (the NCRDS)
and may be used as typical values for mercury in coal from these regions.

b v alues from Reference 42 are included in the NCRDS. Arithmetic means from the entire NCRDS are more

representative than means from this study, since the NCRDS contains many more coal samples. The

Reference 42 data are included to give an idea of the range of values for mercury content inindividual coal

samples from each region.

¢ Eastern section of Interior Province.

will pass through a 200-mesh sieve). The pulverized coal is generally entrained in primary air and
suspension-fired through the burners to the combustion chamber. Pulverized coal furnaces are classified as
either dry or wet bottom, depending on the ash removal technique. Dry bottom furnaces fire coals with high
ash fusion temperatures, and dry ash removal techniques are used. In wet bottom (slag tap) furnaces, coals
with low ash fusion temperatures are used, and molten ash is drained from the bottom of the furnace.

Cyclone furnaces burn low ash fusion temperature coal crushed to a4-mesh size. The coal isfed
tangentially, with primary air, to ahorizonta cylindrical combustion chamber. Small coal particles are
burned in suspension, while the larger particles are forced against the outer wall. Because of the high
temperatures developed in the relatively small furnace volume, and because of the low fusion temperature of
the coal ash, much of the ash forms aliquid slag that is drained from the bottom of the furnace through aslag
tap opening. Cyclone furnaces are used mostly in utility and large industrial applications.

In spreader stokers, a flipping mechanism throws the coal into the furnace and onto a moving grate.
Combustion occurs partialy in suspension and partially on the grate. Because the entrained particlesin the
furnace exhaust have substantial carbon, fly ash reinjection from mechanical collectorsis commonly used to
improve boiler efficiency. Ashresidueinthefuel bed is deposited in areceiving pit at the end of the grate.

In overfeed stokers, coal isfed onto atraveling or vibrating grate and burns on the fuel bed as it
progresses through the furnace. Ash particlesfall into an ash pit at the rear of the stoker. "Overfeed" applies
because the coal isfed onto the moving grate under an adjustable gate. Conversely, in "underfeed" stokers,
coal isfed upward into the firing zone by mechanical rams of screw conveyers. The coa movesin achannd,
known as aretort, from which it is forced upward, spilling over the top of each side to feed the fuel bed.
Combustion is completed by the time the bed reaches the side dump grates from which the ash is discharged
to shallow pits.

The next most common coal used inthe U.S. islignite. Ligniteisarelatively young coa with
properties intermediate to those of bituminous coal and peat. Because lignite has a high moisture content (35
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to 40 weight percent) and alow wet basis heating value (16,660 kJ/kg [7,190 Btu/lb]), it generally isused as
afue only inareasin which itismined. Ligniteisused mainly for steam/electric production in power plants
and typically isfired in larger pulverized coal-fired or cyclone-fired boilers.

Anthracite coal is ahigh-rank coal with more fixed carbon and less volatile matter than either
bituminous coal or lignite. Because of itslow volatile matter content and dlight clinkering, anthracite is most
commonly fired in medium-sized traveling grate stokers and small hand-fired units. Some anthracite
(occasionally with petroleum coke) is used in pulverized coal-fired boilers, and it may be blended with
bituminous coal. Because of itslow sulfur content (typicaly lessthan 0.8 weight percent) and minimal
smoking tendencies, anthraciteis considered adesirable fuel in areas whereit isreadily available. Inthe
United States, anthracite is mined primarily in northeastern Pennsylvania and consumed mostly in
Pennsylvania and surrounding States. The largest use of anthracite isfor space heating. Lesser amounts are
employed for steam/electric production, typically in underfeed stokers and pulverized coal dry-bottom boilers.

Although small quantities of mercury may be emitted as fugitive particul ate matter from coal storage
and handling operations, the primary source of mercury and mercury compound emissions from coal
combustion is the combustion stack. Because the combustion zone in boilers operates at temperaturesin
excess of 1100°C (2000°F), the mercury in the coal is vaporized and exits the combustion zone asagas. As
the combustion gases pass through the boiler and the air pollution control system, they cool, and some of the
mercury and mercury compounds may condense on the surface of fine particles. The relative fractions of
vapor- and particle-phase mercury in the exhaust stack depend primarily on the temperature of the air
pollution control system, and the amount of residual carbon in the coal fly ash (some of the vaporous mercury
and mercury compounds may adsorb onto carbon at temperatures present in some air pollution control
devices). To date, little information has been obtained on these distributions.

6.1.3 Emission Control Measures

Emission control measures for coal-fired boilers include controls based on combustor design and
operating practices that are directed primarily at nitrogen oxides (NO, ) and particulate matter (PM) control
and add-on air pollution control devices that are designed for acid gas and PM control *® Those measures
that are most likely to affect mercury control are add-on control systems designed for both PM and acid gas
control. The primary types of PM control devices used for coal combustion include multiple cyclones,
electrostatic precipitators, fabric filters (baghouses), and wet scrubbers, while both wet and dry flue gas
desulfurization (FGD) systems are used for sulfur dioxide (SO,). Some measure of PM control isaso
obtained from ash settling in boiler/air heater/economizer dust %oppers, large breeches and chimney bases,
but these mechanisms will not reduce mercury emissions.

Electrostatic precipitators (ESP) are the most common high efficiency control devices used on
pulverized coal and cyclone units. These devices are also being used increasingly on stokers. Generally, PM
collection efficiencies are afunction of the specific collection area(i.e., theratio of the collection plate area
per volumetric flow rate of flue gas through the device). Particulate matter efficiencies of 99.9 weight percent
have been measured with ESP's. Fabric filters have recently seen increased use in both utility and industrial
applications both as a PM control measure and as the collection mechanism in dry FGD systems, generally
achieving about 99.8 percent PM control. Wet scrubbers are also used to control PM emissions, although
their primary useisto control emissions of sulfur oxides. Because, unlike the other PM control devices, wet
scrubbers reduce the gas stream temperature, they may be more effective than the other controlsin removing
condensible PM, such as mercury. The other PM control devices would require some type of acid gas control,
such asaspray dryer.

Mechanical collectors, generally multiple cyclones, are the primary means of control on many stokers
and are sometimes installed upstream of high efficiency control devicesin order to reduce the ash collection
burden. Depending on application and design, multiple cyclone PM efficiencies can vary tremendously.
However, these systems are relatively inefficient for fine particles and are not likely to provide measurable
control of mercury emissions, which are primarily in the vapor and fine particle fractions of the exhaust.

The section on emissions below presents the available data on emission control system performance.
However, in evaluating the potential emissions from afacility or group of facilities, any assumptions about
control system performance, including those based on the data presented herein, should be examined carefully
to assure that they are supported by reliable test data obtained via methods comparabl e to those described in
Section 9. Also, performance estimates must be consistent with the physical and chemical properties of the
compounds being emitted and with the operating characteristics of the systems being evaluated.
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6.1.4 Emissions

Thisrevision of the coal-fired boiler section of the previous mercury L& E document presents
separate sections for utility boilers and commercial/industrial/residential coal-fired boilers.32 Sincethe
previous mercury L& E document was published in 1993, EPA conducted a comprehenswe study to estimate
hazardous air pollutant (HAP) emissions, including mercury, from utility boilers*6 The results of this study
were published in areport covering trace metal, organic HAP and radionuclide emissions; control techniques
from utility boilers; and a comprehensive risk assessment.* Addltlonally, abrief description and
presentation of the results of the study specifically with respect to mercury emissions and controls was
published in the Mercury Study Report to Congress.3® These EPA reports quantified the impact on mercury
emissions from coal-fired utility boilers of both coal cleaning and existing combinations of boilers and
control devices. The reportsincluded data from multiple emission test programs and represent the most
comprehensive mercury emission estimates available for coal-fired utility boilers. Therefore, the approach
described in these documents for coal-fired utility boilers has been adopted for this document. For
commercia/industrial/residential coal f| red boilers, the approach adopted in the previous mercury document
(EPA, 1993) is relatively unchanged.32

In providing comments on the draft of this L& E document, EPRI suggested that EPA use the results
of the EPRI report, Mercury and Other Trace Metals in Coal, to develop mercury emission estimates from
coal combustion% This report presented the results of the analysis of 154 coal samples from full-scale
power plants. These results were also availablein Reference 47. For bituminous coal, an average mercury
concentration of 0.087 ppmis reported, alevel more than 50 percent lower than the 0.21 ppm average
concentration for the USGS data set. EPRI considers the data presented in Reference 49 to be of better
quality than the USGS data set because of the use of more accurate sampling and analytical techniques.®
Additionally, EPRI asserts that the 154 samples are “ coal-as-burned” samples versus those in the USGS data
set that i n%IOude samples from coal seams containing “significant levels of noncombustibles and uneconomic
samples.”

For the purposes of this L& E document, it was important that the mercury emission estimates be
consistent with mercury emission estimates developed by other groups within EPA. Therefore, for agency
consistency, and, as decribed in this section of the L& E document, the mercury emission estimates presented
reflect those devel oped in the Utility HAP study. While EPA does not dispute the validity of the mercury in
coal datain Reference 51, these data were not included in the devel opment of the mercury emission estimates
presented in the Utility HAP study and, therefore, are not included in the mercury emission estimates
presented in this section. However, these data may be included in the revised Utility HAP study that is
expected to be released in early 1998. For now, the estimates presented in section 6.1.4 reflect EPA’s
position on mercury emission estimates from coal combustion.

6.1.4.1 Utility Boilers. The approach used to develop mercury emission estimatesin the Utility
HAP study comprised a two-step process.3232 First, the mercury concentration in the coal was estimated.
Then, using the boiler-specific datain the Utility Data Ingtitute (UDI)/Edison Electric Institute (EEI) Power
Statistics data base (1991 edition), the estimated mercury concentration in the fuel was multiplied by the fuel
feed rate to obtain the total amount of mercury entering each boiler listed in the data base. Second, "emission
modification factors' (EMF's) were devel oped based on test data that represent the level of mercury control
that could be expected across various boiler configurations and control devices. The EMF's developed from
the tested units were applied to all other similar unitsto give mercury emission estimates on a per-unit
basi

The estimates of mercury concentrationsin coal were developed by using a USGS data base of trace
element concentrationsin coal by State of coal origin for 3,331 core and channel samples of coal. These
samples came from 50 coal beds having the highest coal production in the United States. The average
mercury content of each of these beds was cal culated and the location of each bed was matched with a State.
Using the UDI/EEI data base and records of actual coa receipts, the State from which each utility purchased
the mgjority of its coal wasidentified. Then, the mercury content of the coal fired by each utility was
assigned based on the average concentration of mercury calculated for each coal bed.3233

To account for the impact of coal cleaning on mercury concentration in coal, a 21 percent reduction
in mercury concentration was attributed to coal cleaning for those boilers purchasing bituminous coa from
States where coal cleaning is common practice.3433 While approximately 77 percent of the eastern and
midwestern bituminous coals are cleaned, the 21 percent reduction was assumed for all boilers burning
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bituminous coal east of the Mississippi River.>l No coal cleaning reductions were applied to lignite or
subbituminous coals, or bituminous coal when the State of coal origin was west of the Mississippi River.3233

The mercury input to each boiler in the data base was calculated by multiplying the boiler feed rate
by the mercury content in the assigned coal and assessing the 21 percent reduction attributed to coal cleaning,
as appropriate.32:33

Emissions data were available from 51 emission tests conducted by the U.S. EPA, the Electric Power
Research Institute (EPRI), the Department of Energy (DOE), and individual utilities. The EMF'swere
calculated from the emission test data by dividing the amount of mercury exiting either the boiler or control
device by the amount of mercury entering the boiler. Boiler-specific emission estimates were then calculated
by multiplying the cal culated inlet mercury input by the appropriate EMF for each boiler configuration and
control device. The utility emission test data are listed in Section 10 of the Utility HAP study and in
Appendix B of the U.S. EPA Mercury Report to Congress.3® The EMF's for the various boiler
configurations and control devices are shown in Appendix C of the Utility HAP study and in Appendix C of
the U.S. EPA Mercury Report to Congress, 3346

To calculate the mercury emissions from a specific bailer, the following equation was used:

Mercury . Coal
Mercury Boiler ,
. . = content b4 x { cleaning } x [ EMF
emissions . feed rate
in coal factor

For boilers burning bituminous coal when the State of coal origin was east of the Mississippi River, acod
cleaning factor of 0.79 (reflecting a mercury reduction of 21 percent) was applied to the above equation. For
all other boilersin the data base, no coal cleaning reductions were applied, i.e., in the above equation, the coal
cleaning factor for these boilers was equated to one. The results of applying this operation to the boilersin
the data base indicate that the total nationwide mercury emissions from coal-fired utility boilers are
approximately 51 ton/yr or 46.3 Mglyr.33

6.1.4.2 Commercial/Industrial/Residential Boilers. For commercia/industrial/residential boilers, the
data presented above on mercury concentrations in coal and coal heating values were used to develop mass
bal ance-based emission factors.

Theinformation presented in the literature indicates that virtually 100 percent of the mercury
contained in the coal is emitted from the furnace as either avapor or fine PM. Consequently, the coal heating
values presented in Table 6-2 and the coal mercury concentrations presented in Table 6-4 can be used to
develop uncontrolled emission factors for major coal types under the conservative assumption that all
mercury in the coal is emitted. Furthermore, note that the coal composition datain Table 6-4 are based on
in-ground mercury concentrations and that calculated emission factors shown in Table 6-6 are based on the
conservative assumption that as-fired coal contains equivalent concentrations. The emission factors do not
account for coal washing. To account for coal washing, amercury emission reduction of 21 percent can be
applied to the factorsin Table 6-6.

The uncontrolled emission factors listed in Table 6-6 were calculated using the coal heating values
from Table 6-2 and the coal mercury concentrationsin Table 6-4. These calculated emlsson factors were
compared with the latest emission factors for coal combustion published in AP- 425253 |n AP-42, separate
emission factors were devel oped for bituminous/subbituminous and for anthracite coaI combustion based on
avallable em|SS|on test data. For bituminous/subbituminous coal, the AP-42 uncontrolled emission factor is
16 Ib/10%2 Btu and has an E rating. This factor isidentical to the cal culated uncontrolled emission factor for
bituminous coal presented in Table 6-6. For anthracite coal combustion, the AP-42 uncontrolled
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TABLE 6-6. CALCULATED UNCONTROLLED MERCURY EMISSION FACTORS
FOR COAL COMBUSTION

Calculated mercury emission factors
Coal type kg/101%J Ib/1012Btu g/Mg coal 1073 Ib/ton coal
Bituminous? 7.0 16 0.21 0.42
Subbituminous? 45 10 0.10 0.20
Anthracite® 7.6 18 0.23 0.46
Lignited 9.0 21 0.15 0.30

aBas:ed on arithmetic average of the five average heating valuesin Table 6-2.
bBased on arithmetic average of the three average heating valuesin Table 6-2.

“Based on average heating value for coal category A2 in Table 6-2.

dBased on average heating value for coal category L1 in Table 6-2.

emission factor is0.13 x 103 b/ton of coal and also hasan E rating. Thisfactor, while smaller than the
calculated value for anthracite coal (0.46 x 10" Ib/ton of coal) presented in Table 6-6, is of the same order of
magnitude as the calculated value. The AP-42 did not present a separate emission factor for li ignite coa
combustion. The emission factors presented in Table 6-6 are considered to be better factorsto usein
developing nationwide mercury emission estimates than the AP-42 factors for the following reasons. The two
AP-42 emission factors were developed using limited data while the calculated uncontrolled emission factors
represent a significant volume of mercury-concentration-in-coal data. Calculated uncontrolled factors were
developed for each coal type while the AP-42 emission factors were developed only for
bituminous/subbituminous and anthracite coals.

A comprehensive summary of the test data generated prior to 1989 for coal-fired boilers and furnaces
is presented in Reference 40. The datafrom individual teststhat are presented in that report are compiled in
Table B-1 in Appendix B of Reference 54. Table 6-7 summarizes these data as a function of coal type and
control status. Note the wide range of emission factors for each coal type. In addition to the variability in
coal heat content and the uncertainty in mercury sampling and analysis, this range reflects the substantial
variation in coal mercury content and highlights the need to obtain coal-specific mercury datato calculate
emission estimates whenever possible. Also note that the data are combined across industry sector and boiler
type because these parameters are not expected to have a substantial effect on emission factors.

The test data summarized in Table 6-7 from Reference 40, although limited, indicate that essentially
no control of mercury in flue gasis achieved by multiclones, up to 50 percent control is achieved by ESP's,
and limited scrubber data show mercury efficiencies of 50 and 90 percent. Long-term scrubber performance
will depend on the blowdown rate for the scrubber, with efficiency falling if the system approaches
equilibrium. However, according to literature references discussed in Reference 40, these control efficiencies
may be biased high because they are based on data collected using older test methods, which tended to collect
mercury vapor inefficiently. Consequently, these estimates represent upper bounds of efficiencies. More
information on the methods for sampling and analysis of mercury in flue gasis presented in Section 9.

The test data reported in the Utility HAP study comprises data that was collected using more up to
date test methods. This study reported the following mercury control efficienciesfor individual control
devices controlling emissions from coal-fired utility boilers: 0to 59 percent for FGD systems (6 tests);

0 percent control for hot-side ESP's (ESP's |ocated upstream of an FGD unit) (2 tests); zero to 82 percent
control for cold-side ESP's (17 tests); zero to 73 percent control for fabric filters (5 tests); and zero to
55 percent control for spray dryer absorber/fabric filter (SDA/FF) systems (4 tests).

Based on review of the available data, the best estimates for uncontrolled emission factors for typical

coal combustion facilities are those obtained from a mass balance using coal composition data. This
approach was sel ected because the available uncontrolled test data for commercial/industrial/
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TABLE 6-7. MEASURED MERCURY EMISSION FACTORS FOR COAL COMBUSTION

Measured mercury emission factors
No. of kg/10%° J 1b/10% Btu o/Mg coal? 1072 Ib/ton coal®
Coi Contrgl No. of data
ty| statu boilers points Mean Range® Mean Range® Mean Range® Mean Range®
Bd UN 17 34 3.8 0.005-133 8.8 0.011-308 0.11 0.00015-4.0 0.23 0.00029-8.0
Bd MPorMC 9 15 12.9 0.60-77 29.9 1.4-180 0.39 0.018-2.3 0.78 0.036-4.7
Bd ESP or 29 59 34 0.18-9.6 8.0 0.41-22.3 0.10 0.0055-0.29 0.21 0.011-0.58
MP/ESP
Bd EStSF’-Z 1 5 0.086 0.005-0.25 0.20 0.011-0.56 0.0026 0.00015-0.0075 0.0052 0.00029-0.015
age
Bd WS or 5 5 7.9 b.d.-37 18.4 b.d.-86 0.24 b.d.-1.1 0.48 b.d.-2.2
MC/WS
Bd F 1 1 2.0 - 4.6 - 0.060 - 0.12 -
SB® UN 3 5 13.0 0.28-35 30.2 0.64-81 0.29 0.0062-0.78 0.58 0.012-1.5
SiE ESP or 3 5 12 0.16-1.8 2.7 0.37-4.1 0.027 0.0035-0.040 0.052 0.0071-0.078
MP/ESP
SEN WS 2 2 34 2.1-4.7 8.0 49-11 0.075 0.047-0.10 0.15 0.094-0.21
Lf MC 4 4 4.1 1.9-95 9.6 4.4-22 0.068 0.032-0.16 0.14 0.063-0.32
Lf ESP 3 3 0.18 0.099-0.23 0.41 0.23-0.53 0.0030 0.0016-0.0038 0.0059 0.0033-0.0076
AY UN 3 3 2.3 15-3.0 53 3.5-7.0 0.070 0.045-0.091 0.14 0.091-0.18

Source: Reference 40.

‘E‘B = bituminous, SB = subbituminous, L = lignite, A =anthracite. ) ] o

UN = uncontrolled, MP = mechanical precipitation system, MC =multiclone, ESP = electrostatic precipitator, WS =wet scrubber.
cp.d. = below detection limits. ] ’ ]

Based on arithmetic average of the five average heating valuesin Table 6-2.
fBased on arithmetic average of the three average heating valuesin Table 6-2.

Based on average heating value for coal category L1in Table 6-2.
9Based on average heating value for coal category A2in Table 6-2.



residential boilers are of uncertain quality, and the coal concentration data are representative of a much larger
industry segment. Utilizing the available data from Reference 40, and the Utility HAP's study, controlled
emission factors were obtained by applying the following percent removal efficienciesto the uncontrolled
emission factorsin Table 6-6. Zero percent efficiency for mechanical collectors, 0 to 82 percent control for
ESP's, 0 to 60 percent control for wet scrubbers and FGD systems, 0 to 73 percent for fabric filters, and 0 to
55 percent for SDA/FF systems. The resultant best typical emission factors are shown in Table 6-8.

The mercury emission factors presented in Table 6-8 should be viewed as the most realistic
nationwide estimates possible, based on the little data that are available. It should be recognized that thereis
considerable uncertainty in these estimates. The uncertainty in the estimates is due to the wide variability in
mercury concentrations in coal, the variability in coal heat content, and the uncertainty in sampling and
analytical methodologies for detecting mercury. Therefore, these estimates should not be used to determine
emissions from specific coal combustion facilities.

Estimates of the total 1994 nationwide mercury emissions from coal-fired commercial/industrial/
residential boilersare 21.5 Mg (23.6 tons); for additional details, see Appendix A. Thetotal 1994
nationwide mercury emission estimates for coal combustion (utility plus commercial/industrial/residential)
are 67.8 Mg (74.6 tons).

6.2 FUEL OIL COMBUSTION

Asshownin Table 6-1, based on energy consumption estimates by the U.S. Department of Energy,
fud oil use spansthe four sectors of energy users. Distillate fuel il isused in all sectors with the largest use
in the residential (35 percent) and the industrial (43 percent) sectors, but also with amounts used in both the
commercia (18 percent) and utility (4 percent) sectors. Residual oil isused primarily in the industrial
(29 percent) and utility (59 percent) sectors. Because the oil combustion processis hot complex, and control
systems are not widely applied to oil-fired units, the discussion below will focus on fuel characteristics and on
emissions from oil-fired units.3°

6.2.1 Fud Oil Characteristics

The fuel oil characteristics of greatest importance for characterizing mercury emissions from fuel oil
combustion are the heating value and the mercury content of the oil. The heating valueis used for converting
from emission factors with mass- or volume-based activity levels to those with activity levels based on heat
input.

Theterm fudl oil coversavariety of petroleum products, including crude petroleum, lighter
petroleum fractions such as kerosene, and heavier residual fractions |eft after ditillation.*® To provide
standardization and means for comparison, specifications have been established that separate fud oilsinto
various grades. Fuel oils are graded according to specific gravity and viscosity, with No. 1 Grade being the
lightest and No. 6 the heaviest. The heating value of fuel cilsis expressed in terms of kJ/L (Btu/gal) of oil at
16°C (60°F) or kJkg (Btu/lb) of oil. The heating value per gallon increases with specific gravity because
there is more weight per gallon. The heating value per mass of oil variesinversaly with specific gravity
because lighter oil contains more hydrogen. For an uncracked distillate or residua oil, heating value can be
approximated by the following equation:

Btu/lb = 17,660 + (69 x API gravity)
For a cracked distillate, the relationship becomes:
Btu/lb = 17,780 + (54 x API gravity)
Table 6-9 provides an overall summary of the heating values of typical fuel oils used inthe U.S,, and
Table 6-10 shows the variability in fuel oil heating values used in various regions of the country.
Appendix B of Reference 40 provides additional details.

The data base for mercury content in fuel oilsis much more limited than the coal mercury content
database. A number of petroleum industry associations were contacted, but none who responded have
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TABLE 6-8. BEST TYPICAL MERCURY EMISSION FACTORS FOR
COMMERCIAL/INDUSTRIAL/RESIDENTIAL COAL-FIRED BOILERS

Cod

Typical mercury emission factors

type? | Control status? kg/10°J | Ib/10¥Btu | g/Mgcodl 1073 Ib/ton coal

B Uncontrolled 7.0 16 0.21 0.42

B Mechanical collector 7.0 16 0.21 0.42

B ESP 1.3-7.0 2.9-16 0.038-0.21 0.08-0.42

B WS/FGD 0.7-7.0 1.6-16 0.021-0.21 0.042-0.42

B FF 1.9-70 4.3-16 0.012-0.21 0.11-0.42

B SDA/FF 3.2-7.0 7.2-16 0.095-0.21 0.19-0.42
SB Uncontrolled 45 10 0.10 0.20
SB Mechanical collector 45 10 0.10 0.20
SB ESP 0.81-4.5 0.18-10 0.018-0.10 0.036-0.020
SB WS/FGD 0.4-4.5 1-10 0.010-0.10 0.02-0.20
SB FF 1.2-45 2.7-10 0.027-0.10 0.05-0.20
SB SDA/FF 2.0-4.5 45-10 0.045-0.10 0.09-0.20
A Uncontrolled 7.6 18 0.23 0.46

A Mechanical collector 7.6 18 0.23 0.46

A ESP 14-7.6 3.2-18 0.04-0.23 0.08-0.46
A WS/FGD 0.7-7.6 1.8-18 0.023-0.23 0.046-0.46
A FF 2.1-76 4,9-18 0.06-0.23 0.12-0.46
A SDA/FF 3.4-76 8.1-18 0.10-0.23 0.21-0.46

L Uncontrolled 9.0 21 0.15 0.30

L Mechanical collector 9.0 21 0.15 0.30

L ESP 1.6-9.0 3.8-21 0.03-0.15 0.05-0.30

L WS/FGD 0.9-9.0 21-21 0.015-0.15 0.030-0.30

L FF 2.4-9.0 5.7-21 0.04-0.15 0.08-0.30

L SDA/FF 4.1-9.0 9.5-21 0.07-0.15 0.14-0.30

Source: Reference 32.

8B = bituminous, SB = subbituminous, A = anthracite, L = lignite.
PESP = electrostatic precipitator, WS/FGD = wet scrubber or flue gas desul furization system,
FF =filter fabric, and SDA/FF = spray dryer absorber/fabric filter system.
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TABLE 6-9. TYPICAL HEATING VALUES OF FUEL OILS

FUEL OIL GRADES

No. 1 No. 2 No. 4 No. 5 No. 6

Type Ditillate Ditillate Very light Light residual Residual Crude
residual

Color Light Amber Black Black Black
Heating valué®
kJ/L 38,200 40,900 40,700 41,200 41,800 40,000-42,300
(Btu/gal) (137,000) (141,000) (146,000) (148,000) (150,000) (144,000-152,000)
kJkg 45,590-46,030 44,430-45,770 42,370-44,960 41,950-44,080 40,350-43,800 40,700-43,300
(Btu/lb) (19,670-19,860) (19,170-19,750) (18,280-19,400) (18,100-19,020) (17,410-18,900) (17,500-18,600)

Source: Reference 40; and Reference 54.

8 The distillate samples, aswell as the residual samples, analyzed for Btu/gal and Btu/lb heating values are different; therefore, the heating values presented do not

directly correspond to one another.

These crude oil values are based on alimited number of samples from West Coast field sites presented in Reference 55 and may not be representative of the
distribution of crude oils processed in the United States.




TABLE 6-10. TYPICAL FUEL OIL HEATING VALUES FOR SPECIFIC REGIONS

919

Source: Reference 40.

No. 1 fuel oil No. 2 fuel oil No. 4 fuel oil
Heating value, kJL (Btu/gal)
) No. of No. of No. of
Region | samples Range Average samples Range Average samples Range Average
Eastern 33 36,900-37,800 37,400 56 37,100-40,800 38,800 1 40,700
(132,500-135,700) (134,200) (133,100-146,600) (139,500) (146,000)
Southern 13 37,000-37,700 37,400 19 38,000-39,400 38,800 0
(132,900-135,400) (134,300) (136,400-141,500) (139,400)
Central 27 36,900-37,800 37,300 35 37,800-40,800 38,800 2 40,700-41,800 41,200
(132,500-135,700) (134,000) (135,900-146,600) (139,200) (fégf(?(% (148,000)
Rocky 14 37,100-37,600 37,400 17 37,900-39,100 38,700 2 41,800-41,900 41,900
Mountain (133,100-135,100) (134,200) (136,100-140,400) (139,000) (115851(%)) (150,300)
Western 16 36,700-37,900 37,500 18 37,900-39,100 38,700 0
(131,700-136,200) (134,600) (136,100-140,500) (139,000)
No. 5 fuel ail (light) No. 6 fuel oil
Heating value, kJL (Btu/gal)
] No. of No. of
Region | samples Range Average samples Range Average
Eastern 1 41,300 17 40,900-43,900 43,300
(148,400) (147,000-157,600) (151,900)
Southern 0 14 41,900-43,600 42,600
(150,500-156,500) (152,900)
Central 4 41,300-42,200 41,700 10 41,900-44,200 42,600
(148,400-151,500) (149,900) (150,600-158,900) (152,900)
Rocky 2 42,900-43,600 ,200 7 42,300-44,300 43,100
Mountain (153,900-156,500) (155,200) (151,900-159,200) (154,600)
Western 0 12 41,700-45,500 43,000
149,900-163,500) (154,400)




done any research on metals content in fuel oils. No single centralized data base is available, and the
information presented below is based on limited data from individual studies.

Concentrations of mercury in fuel oil depend upon the type of il used. No comprehensive oil
characterization studies have been done, but data in the literature report mercury concentrations in crude oil
ranging from 0.023 to 30 ppmwt, while the range of concentrationsin residua oil is0.007 to 0.17 ppmwt.
Because only a single mean value was found in the literature for mercury concentration in distillate oil, no
conclusions can be drawn about the range of mercury in digtillate oil. Table 6-11 liststypical valuesfor
mercury in oils, which were obtained by taking the average of the mean values found in the literature. The
value for digtillate oil isthe single data point found in the literature and may not be as representative as the
valuesfor residua and crude oils.

TABLE 6-11. MERCURY CONCENTRATION IN OIL BY OIL TYPE

Mercury concentration, ppmwt
Fuel oil type No. of samples Range Typical value
Residual No. 6 - 0.002-0.006 0.0042
Distillate No. 2 - - <0.12°
Crude 46 0.007-30 3.5°

Source: References 40, 50, 56.

aMlidpoint of the range of values.

bAverage of datafrom three sites.

CAverage of 46 data points was 6.86; if the single point value of 23.1 is eliminated, average based on 45
remaining data pointsis 1.75. However, the largest study with 43 data points had an average of
3.2 ppmwt. A compromise value of 3.5 ppmwt was selected as the best typical value.

6.2.2 Process Description

Fuel ails are broadly classified into two major types: distillate and residual. Distillate oils (fuel oil
grade Nos. 1 and 2) are more volatile and less viscous than residual oils, having negligible ash and nitrogen
contents and usually containing lessthan 0.1 weight percent sulfur. No. 4 residual oil is sometimes classified
asadigtillate; No. 6 is sometimes referred to as Bunker C. Being more viscous and less volatile than
digtillate qils, the heavier residual oils (Nos. 5 and 6) must be heated to facilitate handling and proper
atomization. Because residua oils are produced from the residue after lighter fractions (gasoline and
digtillate ils) have been removed from the crude oil, they contain significant quantities of ash, nitrogen, and
sulfur. Small amounts of crude oil are sometimes burned for steam generation for enhanced oil recovery or
for refinery operations.*348

Qil-fired boilers and furnaces are ssimpler and have much less variation in design than the coal -fired
systems described earlier. The primary components of the system are the burner, which atomizes the fuel and
introduces it along with the combustion air into the flame, and the furnace, which provides the residence time
and mixing needed to complete combustion of the fuel. The primary differencein systemsthat fire digtillate
oil and residual ail isthat the residual oil systems must have an oil preheater to reduce the viscosity of the oil
so that it can be atomized properly in the burner. Systemsthat fire distillate oil and residual oil also have
different atomization methods.

The only source of mercury emissions from oil-fired boilers and furnaces is the combustion stack.
Because the entire fuel supply is exposed to high flame temperatures, essentially al of the mercury and
mercury compounds contained in the fud oil will be volatilized and exit the furnace with the combustion
gases. Unless these combustion gases are exposed to low-temperature air pollution control systems and high-
efficiency PM control systems, which typically are not found on oil-fired units, the mercury and mercury
compounds will be exhausted in vapor phase through the combustion stack.

6-17



6.2.3 Emission Control Measures

The three types of control measures applied to oil-fired boilers and furnaces are boiler modifications,
fuel substitution, and flue gas cleaning systems.*%#8 Only fuel substitution and flue gas cleaning systems
may affect mercury emissions. Fuel substitution is used primarily to reduce SO, and NO, emissions.
However, if the substituted fuels have lower mercury concentrations, the subsiltutlon will also reduce mercury
emissions. Because PM emissions from oil-fired units are generally much lower than those from coal-fired
units, high-efficiency PM control systems are generally not employed on oil-fired systems. However, the flue
gas cleaning systemsthat are used on ail-fired units are described briefly below.

Flue gas cleaning equipment generally is employed only on larger oil-fired boilers. Mechanica
collectors, a prevaent type of control device, are primarily useful in controlling PM generated during soot
blowing, during upset conditions, or when avery dirty heavy oil isfired. During these situations, high
efficiency cyclonic collectors can achieve up to 85 percent control of PM, but negligible control of mercury is
expected with mechanical collectors.

Electrostatic precipitators are used on approximately one-third of the oil-fired power plants. Older
ESP's may remove 40 to 60 percent of the PM, but negligible mercury control is expected. Newer ESP's may
be more efficient, but no data are available for oil-fired power plants. Recent test data indicate mercury
control efficiencies for ESP's controlling emissions from oil-fired utility boilers of 42 and 83 percent.
Scrubbing systems have been installed on oil-fired boilers to control both sulfur oxidesand PM. Similar to
systems applied to coal combustion (presented in Reference 40), these systems can achieve PM control
efficiencies of 50 to 90 percent. Because they provide gas cooling, some mercury control may be obtained,
but little data are available on their performance.

6.2.4 Emissions

The only substantive source of mercury emissions from fuel oil combustion operationsis the
combustion gas exhaust stack. Three types of information were used to develop emission factors for oil
combustion. First, the data described above on fud oil heating value and mercury content of fuel oils were
used to develop emission factors by mass balance, assuming conservatively that al mercury fired with the
fud oail is emitted through the stack. Second, the emission factors developed in AP-42 for residual and
distillate oil combustion and in Reference 47 for residual oil combustion were evaluated. Third, rated
emission test data were evaluated and summarized. The paragraphs below first present the results generated
from each of the three sources. Then, the relative merits of the emission factors generated via each of the
procedures are discussed, and the best "typical” emission factors are identified.

The literature on fuel oil combustion suggests that essentially all mercury in the fuel ail is vaporized
in the combustion zone and exhausted as a vapor in the combustion gas stream. Using the assumption that
100 percent of the mercury in fuel oil leaves the boiler or furnace in the exhaust gases, the datain Tables 6-9
and 6-11 were used to calculate uncontrolled emission factors for No. 2 distillate and No. 6 residual oil. Data
presented in Reference 52, which show average crude oil heating values of 42,500 kJkg (18,300 Btu/lb) and
41,300 kJL (148,000 Btu/gal), can be combined with the mercury content datain Table 6-11 to calculate
uncontrolled emission factors for crude oil combustion. The results of these calculations are presented in
Table 6-12.

The calculated emission factorsin Table 6-12 were compared to the available emission factors for
fud oil combustion from AP-42. The AP-42 presents emission factors for No. 2 and No. 6 fuel ails; no
emission factors are developed for crude oil in AP-42. 53 The AP-42 emission factor for residual cil (No. 6)
combustion is based on emission tests from 15 sites conducted from Aprll 1990 through April 1994 The
average emission factor reported for mercury emissionsis 1.13 E-04 Ib/103 gallons(0.73 Ib/1012 Btu). This
emission factor israted C. The comparable calculated emission factor for residual oil in Table 6-12 based on
the mercury content in the oil is 3.3 E-05 Ib/10° gallons (0.21 1b/10%2 Btu).

The AP-42 emission factor for digtillate oil Z&)No. 2) combustion (3.0 1b/10%2 Btu) is actually based on
the average concentration of mercury inresidual oil.** It is not based on any emission test data and is rated E.
Additionally, the residual oil mercury concentration data used to develop this esti mate ae somewhat dated.
The comparable calculated emission factor for distillate oil in Table 6-12 is 6.2 [b/1012
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TABLE 6-12. CALCULATED UNCONTROLLED MERCURY EMISSION FACTORS
FOR FUEL OIL COMBUSTION

Calculated mercury emission factors
gMg | 10°3Ibtton | g/10°L | 1b/10°gal
Fuel oil type kg/10°J | 1b/102Btu | fud ail fud oil fud ail fud oil
Residual No. 62 0.092 0.21 0.004 0.008 0.0039 0.033
Distillate No. 22 2.7 6.2 0.12 0.24 0.10 0.86
Crude? 82 190 35 7.0 3.4 28

aBa%d on typical heating valuesin Table 6-9 and mercury concentrationsin Table 6-11.
bBased on average crude oil heating values in Reference 54 and mercury concentrationsin Table 6-11.

Btu and is based on the average of the mercury concentration measured in distillate oil samples at three sites
as part of the California AB2588 study.°

Reference 40 contains some mercury emission test data for the combustion of residual oil, ditillate
oil, and a 1:1 mixture of residual/crude oil. All of these data were developed from 1979 through 1981 and
were presented in the previous mercury L& E. In an effort to eliminate mercury emission test data collected
using older, less reliable emission test methods, EPA dected to utilize only post-1990 emission test data.
This approach is consistent with the approach utilized in EPA’s Utility HAP Study. Therefore, the emission
test data from Reference 40 are not utilized here; instead, more recent test data are presented.

Table 6-13 presents the results of a series of emission tests for the combustion of residual oil
reported in Reference 47. As part of thistest program, residual oil mercury concentrations were also
measured; these data are also presented in Table 6-13. The data show that the mercury emissions from
residual oil combustion are highly variable and that in most cases, the measured stack emissions are higher
than theinlet fuel levels. Because these data are not normally distributed and appear to be log normal, a
geometric mean was calcul ated to better repreﬂent the range of the data (References 47 and 56). The
geometric mean for these datais 0.46 1b/10%2 Btu. Data are not available for distillate or crude oil
combustion in Reference 47.

In summary, three mercury emission factors are presented for residual oil combustlon the
0.73 1b/10%2 Btu factor from AP-42, 0.46 Ib/lO Btu from EPRI, and 0.21 1b/10% Btu from the EPRI
residual oil analyses. Because the 0.46 Ib/10'2 Btu emission factor s essential ly the midpoint of the range of
the three values, this factor was selected as the best “typical” emission factor for residual oil combustion.
Because there are no emission test data for distillate oil combustion, the mass balance approach was used to
estimate the best “typical” emission factor for distillate oil combustion.

As apart of the previous L& E study, two test reports prepared as a part of the California"Hot
Spots' program were reviewed.>*>’ The emission factors generated from these three reports are summarized
in Table 6-14. Each of the reports contained the data on fuel il characteristics needed to calculate mercury
input rates, so Table 6-14 contains both calculated emission factors based on mercury input levels and
measured emission factors based on stack tests. Because mercury levelsin al of the fuel oilstested were
below detection limits, all calculated emission factors are reported as "less than” values. Note that only one
of the two tests showed mercury levels above the detection limit in the stack. That test showed measured
emissionsto be substantially greater than mercury input to the process, making the results suspect. These
discrepancies may be afunction of the analytical problems that have been reported for mercury methods
applied to combustion sources. These problems are discussed in more detail in Section 9. On balance, these
data provide little information for emission factor development.

The available information on uncontrolled mercury emissions from crude oil combustion is
ambiguous. The Ilmlted test data presented in Table 6-14 show measured factors that range from less than
0.05 to 15 kg/10'° J (<0.12 to 34 1b/10%2 Btu) arange of almost three orders of magnitude. The calculated
emission factor of 84 kg/10® J (190 1b/10%2 Btu), which is based on limited fuel composition
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TABLE 6-13. MERCURY CONCENTRATIONSIN RESIDUAL
OIL AND MERCURY EMISSION FACTORS FROM RESIDUAL COMBUSTION

Unit name Concenaion, pomw | Tactor b0 Bt
117 0.0023 0.60
118 0.0040 0.98
112 0.0060 13

13 <0.040 0.23
103 <0.090 <3.6
106 <0.10 <5.0
107 <0.10 <37
104 <0.10 12
105 <0.10 <4.7
108 <0.10 <32
109 <0.90 18

13 <0.030 0.16
118 0.0040 0.50
112 0.0060 0.24

13 <0.040 <0.066
117 0.0023 0.49

Source: Reference 47.
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TABLE 6-14. MERCURY EMISSION FACTORS FOR CRUDE OIL COMBUSTION
GENERATED FROM CALIFORNIA "HOT SPOTS' TESTS

Calculated mercury emission factord

Measured mercury emission factord

103
Fuel oil Ib/1012 g/Mg fuel Ib/ton g/10°L fuel | 1b/10° gal g/Mg fuel 1073 Ib/ton g/10°L fuel 1b/10° gal
Process type type kg/10'° J Btu ail fuel oil ail fuel oil kg/10 J | ¥/102Btu ail fuel oil ail fuel oil
Pipeline/ Crude <24 <56 <0.10 <0.20 <0.097 <0.81 <0.052 <0.12 <0.0022 <0.0044 <0.0021 <0.018
process heate
Generator® Crude <24 <5.6 <0.10 <0.21 <0.10 <0.83 14.7 341 0.62 12 0.61 5.1

Source: Reference 54; Reference 57.

3Emission factors were based on assumed crude oil heating value of 42,500 kJ/kg (18,300 Btu/Ib) and density of 0.97 kg/L (8.1 Ib/gal).

PMercury detection limit is 0.1 mg/kg.
®Mercury detection limit is0.1 mg/L.




and heating value data, expands the range even further. Because these data are quite sparse and the relative
quality of the data is uncertain, the midpoint of the range was selected as the best "typical" emission factor.

The uncontrolled emission factors for distillate, residual, and crude oil are presented in Table 6-15.
Data are insufficient to develop controlled emission factors for fuel oil combustion. Thereis considerable
uncertainty in these emission factor estimates due to the variability of mercury concentrationsin fuel oil, the
incomplete data base on distillate oil, and the uncertainty in sampling and analysis for detecting mercury.
Therefore, these estimates should not be used to determine emissions from specific oil-fired units.

TABLE 6-15. BEST TYPICAL MERCURY EMISSION FACTORS FOR FUEL
OIL COMBUSTION

Typical mercury emission factors
o/Mg fuel [ 103 Ib/ton fuel ?/103 L | Ib/10° %al fuel
Ol

Fuel ail type kg/10°J | Ib/10'2 Btu all ail uel oil

Residual No. 6 0.20 0.46 0.009 0.017 0.0085 0.071
Distillate No. 2 2.7 6.2 0.12 0.24 0.10 0.86
Crude 41 95 1.7 35 1.7 14

Total 1994 mercury emissions from oil combustion (utility, industrial, and commercial/residential)
are estimated to be 7.6 Mg (8.4 tons); see Appendix A for details.

6.3 WOOD COMBUSTION

Wood and wood wastes are used as fuel in both the industrial and residential sectors. In the
industrial sector, wood waste isfired in industrial boilersto provide process heat, while wood is burned in
fireplaces and wood stovesin the residential sector. Studies have shown that wood and wood wastes may
contain mercury; however, insufficient data are available to estimate the typical mercury content in wood and
wood wastes. The information below includes process descriptions for the three combustion processes
(boilers, fireplaces, and wood stoves), descriptions of the control measures used for wood-fired processes,
and emission factors.

6.3.1 Process Description

6.3.1.1 Industrial Boilers. Wood waste combustion in boilersis confined primarily to those
industries in which wood waste is available as a byproduct. These boilers are used to generate heat energy
and to alleviate potential solid waste disposal problems. In boilers, wood waste is normally burned in the
form of hogged wood, bark, sawdust, shavings, chips, mill regjects, sanderdust, or wood trim. Heating values
for this waste range from about 9,300 to 12,000 kJ/kg (4,000 to 5,000 Btu/Ib) of fuel on awet, as-fired basis.
The moisture content of as-fired wood istypically near 50 weight percent, but may vary from 5to 75
weight percent, depending on the waste type and storage operations. Generaly, bark isthe mgor type of
waste burned in pulp mills; either amixture of wood and bark waste or wood waste alone is burned most
frequently in the lumber, furniture, and plywood industries.®® One National Council of the Paper Industry for
Air and Stream Improvement (NCASI) study found the mercury content of bark waste to range from <0.08 to
0.84 ppmwt

As of 1980, there were about 1,600 wood fired b0|Iers operating in the U.S,, with atotal capacity of
approximately 30.5 gigawatts (GW) (1.04 x 101 Btu/hr).%% No specific dataon the distribution of these
boilers wereidentified, but most are likely to be located where pulp and paper mills or other wood product
plants are located (i.e., in the Southeast, Pacific Northwest, Wisconsin, Michigan, and Maine).

Various bailer firing configurations are used for burning wood waste. One common type of boiler
used in smaller operationsis the Dutch oven. This unit iswidely used because it can burn fuels with very
high moisture content. Fuel isfed into the oven through an opening in the top of arefractory-lined furnace.
The fuel accumulates in a cone-shaped pile on aflat or sloping grate. Combustion is accomplished in two
stages: (1) drying and gasification and (2) combustion of gaseous products. Thefirst stage takes placein the
primary furnace, which is separated from the secondary furnace chamber by a bridge wall. Combustionis
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completed in the secondary chamber before gases enter the boiler section. The large mass of refractory helps
to stabilize combustion rates but also causes a slow response to fluctuating steam demand.>®

In another boiler type, the fuel cell oven, fuel is dropped onto suspended fixed gratesand isfiredin a
pile. Unlike the Dutch oven, the refractory-lined fuel cell aso uses combustion air preheating and positioning
of secondary and tertiary air injection portsto improve boiler efficiency. Because of their overall design and
operating similarities, however, fuel cell and Dutch oven boilers have comparable emission characteristics.®

The most common firing method employed for wood-fired boilers with a steam generation rate
greater than 45,000 kg/hr (100,000 Ib/hr) isthe spreader stoker. With this boiler, wood enters the furnace
through afuel chute and is spread either pneumatically or mechanically across the furnace, where small pieces
of the fuel burn whilein suspension. Simultaneously, larger pieces of fuel are spread in athin, even bed on a
stationary or moving grate. The burning is accomplished in three stagesin asingle chamber: (1) moisture
evaporation; (2) distillation and burning of volatile matter; and (3) burning of fixed carbon. Thistype of
boiler has afast response to load changes, has improved combustion control, and can be operated with
multiple fuels. Natural gas, oil, and/or coal, are often fired in spreader stoker boilers as auxiliary fuels. The
fossil fuels are fired to maintain a constant steam supply when the wood waste moisture content or mass rate
fluctuates and/or to provide more steam than can be generated from the wood waste supply aone. Although
spreader stokers are the most common stokers among larger wood-fired boilers, overfeed and underfeed
stokers are also utilized for smaller units.>

Another boiler type sometimes used for wood combustion is the suspension-fired boiler. This boiler
differs from a spreader stoker in that small-sized fuel (normally lessthan 2 mm [0.08 in.]) is blown into the
boiler and combusted by supporting it in air rather than on fixed grates. Rapid changes in combustion rate
and, therefore, steam generation rate are possible because the finely divided fuel particles burn quickly.>®

A recent innovation in wood firing is the fluidized bed combustion (FBC) boiler. A fluidized bed
consists of inert particles through which air is blown so that the bed behaves as afluid. Wood waste entersin
the space above the bed and burns both in suspension and in the bed. Because of the large thermal mass
represented by the hot inert bed particles, fluidized beds can handle fuels with moisture contents up to near
70 percent (wet basis). Fluidized beds also can handle dirty fuels (up to 30 percent inert material). Wood
fud is pyrolyzed faster in afluidized bed than on a grate due to its immediate contact with hot bed material.
Asaresult, combustion is rapid and results in nearly complete combustion of the organic matter, thereby
minimizing emissions of unburned organic compounds.®®

6.3.1.1 Residential Wood Stoves. Wood stoves are enclosed wood heaters that control burning or
burn time by restricting the amount of air that can be used for combustion. They are commonly used in
residences as space heaters, both as the primary source of residential heat and as a supplement to
conventional heating systems. Based on known variations in construction, combustion, and emission
characteristics, there are five different categories of residential wood burning devices. (1) the conventional
wood stove; (2) the noncatalytic wood stove; (3) the catalytic wood stove; (4) the pellet stove; and (5) the
masonry heater.

The conventional stove category comprisesall stoves without catalytic combustors not included in
the other noncatalytic categories (i.e., noncatalytic and pellet). Conventional stoves do not have any
emissions reduction technology or design features and, in most cases, were manufactured before July 1, 1986.
Stoves 8{ many different airflow designs may be in this category, such as updraft, downdraft, crossdraft, and
Sflow.

Noncatalytic wood stoves are those units that do not employ catalysts but do have emission-reducing
technology or features. Typical noncatalytic design includes baffles and secondary combustion chambers.5

Catalytic stoves are equipped with a ceramic or metal honeycomb device, called a combustor or
converter, that is coated with anoble metal such as platinum or palladium. The catalyst material reduces the
ignition temperature of the unburned volatile organic compounds (VOC's) and carbon monoxide (CO) in the
exhaust gases, thus augmenting their ignition and combustion at normal stove operating temperatures. As
these components of the gases burn, the temperature inside the catalyst increases to a point at which the
ignition of the gases is essentially self-sustaining.%t
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Pellet stoves are those fueled with pellets of sawdust, wood products, and other biomass materials
pressed into manageable shapes and sizes. These stoves have active air flow systems and unique grate design
to accommodate this type of fuel.®

Masonry heaters are large, enclosed chambers made of masonry products or a combination of
masonry products and ceramic materials. Masonry heaters are gaining popularity as a cleaner-burning, heat-
efficient form of primary and supplemental heat, relative to some other types of wood heaters. In amasonry
heater, a complete charge of wood is burned in arelatively short period of time. The use of masonry
materials promotes heat transfer. Thus, radiant heat from the heater warms the surrounding area for many
hours after the fire has burned out.5

6.3.1.2 Residential Fireplaces. Fireplaces are used primarily for aesthetic effects and secondarily as
asupplemental heati ng source in homes and other dwellings. Wood is most commonly used as fud, but coal
and densified wood "logs' also may be burned. The user intermittently adds fuel to the fire by hand.62

Fireplaces can be divided into two broad categories: (1) masonry (generaly brick and/or stone,
assembled on site, and integral to astructure) and (2) prefabricated (usually metal, installed on siteasa
package with appropriate duct work).52

Masonry fireplaces typically have large fixed openings to the fire bed and have dampers above the
combustion areain the chimney to limit room air and heat |osses when the fireplace is not being used. Some
masonry fi rezol aces are designed or retrofitted with doors and louvers to reduce the intake of combustion air
during use.

Prefabricated fireplaces are commonly equipped with louvers and glass doors to reduce the intake of
combustion air, and some are surrounded by ducts through which floor level air is drawn by natural
convection, heated, and returned to the room.%?

All of the systems described above operate at temperatures that are above the boiling point of
mercury and mercury compounds. Conseguently, any mercury contained in the wood fuel will be emitted with
the combustion gases viathe exhaust stack.

6.3.2 Emission Control Measures

Although some wood stoves use emission control measures such as catalysts and secondary
combustion chambers to reduce VOC and CO emissions, these techniques are not expected to affect mercury
emissions. However, wood-fired boilers employ PM control equipment which may provide some reduction.
These systems are described briefly below.

Currently, the four most common control devices used to reduce PM emissions from wood- flred
boilers are mechanical collectors, fabric filters, wet scrubbers, and electrostatic precipitators (ESP's).>8
these controls, only the last two have the potential for significant mercury reduction.

The most widely used wet scrubbers for wood-fired boilers are venturi scrubbers. With gas-side
pressure drops exceeding 4 kilopascals (kPa) (15 inches of water), PM collection gfficiencies of 90 percent or
greater have been reported for venturi scrubbers operating on wood-fired boilers.>® No data were located on
the performance of these systems relative to mercury emissions. However, some control is expected
(probably in the range of 50 to 90 percent) based on results achieved for coal combustion sources.

Fabric filters (i.e., baghouses) and ESP's are employed when PM collection efficiencies above
95 percent are required. Collection efficiencies of 93 to 99.8 percent for PM have been observed for ESP's
operating on wood-fired boilers, but mercury efficiencies are likely to be substantially lower (probably
50 percent or less) based on the performance of ESP'sin controlling mercury from coal combustion
sources.”® The performance of ESP'sin controlling mercury emissions depends on operating temperature and
the amount of carbon in the fly ash.

Fabric filters have had limited applications to wood-fired boilers. The principal drawback to fabric
filtration, as perceived by potential users, is afire danger arising from the collection of combustible
carbonaceous fly ash. Despite potential complications, fabric filters are generally preferred for boilersfiring
sat-laden wood. Thisfuel produces fine PM with a high salt content for which fabric filters can achieve high
collection efficiencies. In two tests of fabric filters operating on salt-laden wood-fired boilers, PM collection
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efficiencies were above 98 percent.?® No data are available on mercury emission reduction for fabric filters,
but results for other combustion sources suggest that efficiencies will be very low.

6.3.3 Emissions

The primary source of mercury emissions from wood combustion processes is the combustion gas
exhaust stack. Very small quantities of mercury also may be emitted with the fugitive PM emissions from
bottom and fly ash handling operations.

The data on mercury emissions from wood combustion are limited. A recent National Council of the
Paper Industry for Air and Stream Improvement (NCASI) report provided arange and Querage emission
factor for boilers without electrostatic precipitators (ESP's) and for boilers with ESP's.%3 The boilers without
ESP'sincluded avariety of control devicesincluding cyclones, multicl ones, and various Wet scrubbers. The
average emission factor reported for boilers without ESP'swas 3.5 x 10 kg/Mg (6.9 x 10 Ib/ton) of dry
wood burned The average emission factor reported for boilerswith ESPswas 1.3 x 10 kg/Mg
(2.6 x 10 Ib/ton) of dry wood burned.

The most recent AP-42 section on wood waste combustion in boilers provided an average
uncontrolled emission factor for mercury emissions based on four emission test reports The AP-42
uncontrol Ied emission factor for mercury emissions from wood waste combustion is 2.6 x 10°% kg/Mg
(5.2 x 10 Ib/ton) of wet, as-fired wood burned.

The NCASI average emission factor reported for wood-fired boilers with ESP's of 1.3 x 10° kg/Mg
(2.6x 10 Ib/ton) of dry wood burned is recommended for estimating mercury emissions from wood waste
combustion in boilers.

For residential wood combustion, only one emission factor was found in the literature.®* This
emission factor is based on one test burning one type of wood (pine) a asingle location. In 1987, the
Department of Energy estimated that 22.5 million households burned approximately 42.6 million cords of
wo0d.%° Given that the density of wood varies greatly by wood species and moisture content, and that the
above emission factor isfrom asingle test, nationwide emissions of mercury from residential wood
combustion were not estimated.

Total 1994 mercury emissions from wood combustion are estimated to be 0.1 Mg (0.1 tons); see
Appendix A for details.

6.4 MUNICIPAL WASTE COMBUSTION

Refuse or municipa solid waste (MSW) consists primarily of household garbage and other
nonhazardous commercial, ingtitutional, and nonmanufacturing industrial solid waste. Municipal waste
combustors (MWC's) are used to reduce the mass and volume of MSW that ultimately must be landfilled. In
fact, MWC' s reduce the volume of MSW by about 90 percent.

In the previous mercury L& E, it was estimated that there were over 160 MWC plantsin operation in
the United States with capacities greater than 36 megagrams per day (M %/d) [40 tons per day (ton/d)] and a
total capacity of approximately 100,000 Mg/d (110,000 ton/d) of MSW.>< A number of MWC plants have
closed since 1991. At the beginning of 1995, over 130 MWC plants with aggregate capacities of greater than
36 Mg/d (40 ton/d) of MSW were operating in the United States. The number of combustion units per
facility ranges from oneto six, with the average being two. Total facility capacity ranges from 36 to 2,700
Mg/d (40to 3, OOO ton/d). Together these plants have atotal capacity of approximately 90,000 Mg/d
(99,000 ton/d)

In addition to the MWC's discussed above, a number of smaler MWC's in the United States have
plant capacities of less than 36 Mg/d (40 ton/d). This population of smaller MWC's comprises avery small
fraction of the nation's total MWC capacity.

Table 6-16 shows the geographic distribution of MWC units and capacities by Statesfor MWC
plants larger than 35 Mg/d. This distribution reflects the MWC's that were operational in 1995.57
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6.4.1 Municipal Solid Waste Characteristics

Municipal solid waste is a heterogeneous mixture of the various materials found in household,
commercial, institutional, and nonmanufacturing industrial wastes. Major constituentsin typical municipal
waste are listed in Table 6-17. 1n 1994, atotal of 145.24 million Mg (159.76 million tons) of municipal solid
waste was discarded in the municipal waste stream. Of thistotal, 74.8 percent was due to materialsin
discarded products and 25.2 percent other waste, such as food wastes and yard trimmings.% Known sources
of mercury in MSW are batteries, discarded el ectrical equipment and wiring, fluorescent bulbs, paint residues,
and plastics. Asof 1989, 644 Mg (709 tons) of mercury were reported to be discarded in the municipal solid
waste stream, and the concentration of mercury in solid waste is reported to be in the range of lessthan 1 to
6 ppm by weight with atypical value of 4 ppm by weight. However, because of changes in mercury
consumption, the quantity of mercury discarded in the municipal solid waste stream has decreased
dramatically since 1989 and is expected to decrease in the future.%:70

The most recent report on mercury discarded in solid municipal waste was a 1992 EPA report based
on 1989 data with projections to the year 2000. One of the most common sources of mercury in this waste
was from the discard of batteries; in 1989, it was estimated that about 88 percent of the total discard of
mercury was from batteries. Of the 88 percent, about 28 percent was from mercuric oxide batteries and the
remainder from alkaline and other batteries.3® According to the Bureau of Mines (now part of USGS)
estimates, 250 Mg (275 tons) of mercury were used in battery productlon in 1989; current USGS estimates
for 1995 are 6 Mg (6.6 tons) and for 1996, less than 0.5 Mg (0.55 tons).2 As discussed in Section 5. 2, only
mercuric oxide button cells and the larger mercuric oxide batteries use mercury to any extent. The proportion
of mercury usage between the button cells and the larger batteriesis not available but essentialy all of the
larger batteries are used in hospital and military applications and, therefore, would generally not be contained
in the municipal solid waste stream Battery discards from hospltal and military applications would be either
recycled or disposed at the facility.3° Hospltal battery discardsincinerated at the facility would be a
component of the medical waste combustlon estimates.

6.4.2 Process Description

The three principal MWC classes are mass burn, refuse-derived fuel (RDF), and modular
combustors. The paragraphs below briefly describe some of the key design and operating characteristics of
these different combustor types.

In mass burn units, the MSW is combusted without any preprocessing other than removal of items
too large to go through the feed system. In atypical mass burn combustor, unprocessed waste (after removal
of bulky, noncombustible items) is delivered by an overhead crane to afeed hopper. From the feed hopper,
refuse is fed into the combustion chamber on a moving grate. Combustion air in excess of stoichiometric
amounts is supplied below (underfire air) and above (overfire air) the grate. Mass burn combustors are
usually erected at the site (as opposed to being prefabricated at another location) and range in size from 46 to
900 Mg/day (50 to 1,000 tong/d) of MSW throughput per unit. The mass burn combustor category can be
divided into mass burn refractory wall (MB/REF), mass burn/waterwall (MB/WW), and mass burn/rotary
waterwall (MB/RC) designs. The two most common, MB/WW and MB/REF, are described below.

The MB/WW design represents the predominant technology in the existing population of large
MWC's, and it is expected that the majority of new unitswill be MB/WW designs. In MB/WW units, the
combustor walls are constructed of metal tubes that contain pressurized water and recover radiant energy
from the combustion chamber. Trucks deliver MSW to alarge pit, where the waste is mixed and bulky items
areremoved. After removal of large, bulky items and noncombustibles, unprocessed waste is delivered by an
overhead crane to afeed hopper that conveys the waste into the combustion chamber. Nearly all modern
MB/WW facilities utilize reciprocating grates or roller grates to move the waste through the combustion
chamber. The gratestypically include two or three separate sections where designated
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TABLE 6-16. SUMMARY OF GEOGRAPHICAL DISTRIBUTION
OF MWC FACILITIES LARGER THAN 35 Mg/d

Percentage of total MWC
No. of MWC State MWC capacity cepamtymthe United
State facilities Mg/d (ton/d)
AK 2 109 (120) <0.5
AL 1 627 (690) 0.67
AR 4 257 (283) 0.28
CA 3 2,324 (2,560) 25
CT 6 5,489 (6,045) 5.9
FL 13 15,480 (17,048) 17
GA 1 454 (500) 0.49
HI 1 1,961 (2,160) 21
ID 1 45 (50) 0.05
IL 1 1,453 (1,600) 16
IN 1 2,145 (2,362) 23
MA 9 9,770 (10,760) 11
MD 4 4,821 (5,310) 5.2
ME 4 1,816 (2,000) 2.0
Ml 5 4,744 (5,225) 51
MN 12 4,633 (5,102) 5.0
MS 1 136 (150) <0.5
MT 1 65 (72) <0.5
NC 3 657 (724) 0.71
NH 3 755 (832) 0.81
NJ 6 5,286 (5,822) 57
NY 12 9,584 (10,555) 10
OH 2 545 (600) 0.59
OK 2 1,117 (1,230) 12
OR 2 613 (675) 0.66
PA 7 7,901 (8,702) 85
SC 2 790 (870) 0.85
TN 2 1,135 (1,250) 12
X 3 177 (195) 0.19
uT 1 363 (400) 0.39
VA 6 5,743 (6,325) 6.2
WA 4 1,251 (1,378) 14
Wi 4 755 (831) 0.81
Totd 1292 93,000 (102,400) 100

“Thereare atota of 129 MV

305 units.

Source: Reference 67.
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TABLE 6-17. COMPOSITION OF DISPOSED

RESIDENTIAL AND COMMERCIAL
WASTE (WEIGHT PERCENT)

Component Y ear, 1994
Paper and Paperboard 32.9
Y ard Wastes 14.8
Food Wastes 8.5
Glass 6.4
Metals 6.3
Plastics 11.8
Wood 8.2
Textiles 3.6
Rubber and Leather 3.7
Miscellaneous _ 3.8
Totals 100.0

Source: Reference 68.

stages in the combustion process occur. On theinitial grate section, referred to as the drying grate, the
moisture content of the waste is reduced prior to ignition. In the second grate section, the burning grate, the
majority of active burning takes place. The third grate section, referred to as the burnout or finishing grate, is
where remaining combustiblesin the waste are burned. Bottom ash is discharged from the finishing grate
into awater-filled ash quench pit or ram discharger. From there, the moist ash is discharged to a conveyor
system and transported to an ash loading area or storage area prior to disposal. Because the waste bed is
exposed to fairly uniform high combustion temperatures, mercury and mercury compounds will be exhausted
as vapors with the combustion gases.

The MB/REF combustors are older facilities that comprise several designs. Thistype of combustor
is continuously fed and operates in an excess air mode with both underfire and overfire air provided. The
waste is moved on atraveling grate and is not mixed as it advances through the combustor. Asaresult, waste
burnout or complete combustion is inhibited by fuel bed thickness, and there is considerable potential for
unburned waste to be discharged into the bottom ash pit. Rocking and reciprocating grate systems mix and
aerate the waste bed as it advances through the combustion chamber, thereby improving contact between the
waste and combustion air and increasing the burnout of combustibles. The system generally discharges the
ash at the end of the gratesto awater quench pit for collection and disposal in alandfill. The MB/REF
combustors have arefractory-lined combustion chamber and operate at relatively high excess air ratesto
prevent excessive temperatures, which can result in refractory damage, slagging, fouling, and corrosion
problems.

Because of their operating characteristics, the tracking grate systems may have cool ash pocketsin
which mercury and mercury compounds are not exposed to high temperature and are thereby retained in the
ash, rather than being exhausted with the combustion gas stream. Consequently, mercury and mercury
compounds may be emitted as fugitive emissions from ash handling. However, the combustion stack isthe
primary source of mercury emissions. In the rocking and reciprocating grate systems, essentially all mercury
will be exhausted with the combustion gas.

Refuse-derived fuel combustors burn MSW that has been processed to varying degrees, from simple
removal of bulky and noncombustible items accompanied by shredding, to extensive processing to produce a
finely divided fuel suitable for co-firing in pulverized coal-fired boilers. Processing MSW to RDF generally
raises the heating value of the waste because many of the noncombustible items are removed.

A set of standards for classifying RDF types has been established by the American Society for
Testing and Materials (ASTM). Thetype of RDF used is dependent on the boiler design. Boilersthat are
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designed to burn RDF as the primary fuel usually utilize spreader stokers and fire fluff RDF in a semi-
suspension mode. This mode of feeding is accomplished by using an air swept distributor, which allows a
portion of the feed to burn in suspension and the remainder to be burned out after falling on a horizontal
traveling grate. The number of RDF distributorsin a single unit varies directly with unit capacity. The
distributors are normally adjustable so that the trajectory of the waste feed can be varied. Because the
traveling grate moves from the rear to the front of the furnace, distributor settings are adjusted so that most of
the waste lands on the rear two-thirds of the grate to allow more time for combustion to be completed on the
grate. Bottom ash drops into awater-filled quench chamber. Underfire air is normally preheated and
introduced beneath the grate by asingle plenum. Overfire air isinjected through rows of high pressure
nozzles, providing a zone for mixing and completion of the combustion process. Because essentially all of
the waste is exposed to high combustion temperatures on the grate, most of the mercury in the RDF will be
discharged with the combustion gas exhaust.

In afluidized-bed combustor (FBC), fluff or pelletized RDF is combusted in a turbulent bed of
noncombustible material, such as limestone, sand, or silica. Inits simplest form, the FBC consists of a
combustor vessdl equipped with a gas distribution plate and an underfire air windbox at the bottom. The
combustion bed overlies the gas distribution plate. The RDF may beinjected into or above the bed through
portsin the combustor wall. The combustor bed is suspended or "fluidized" through the introduction of
underfire air at ahigh pressure and flow rate. Overfire air is used to complete the combustion process.

Good mixing isinherent in the FBC design. Fluidized-bed combustors have uniform gas
temperatures and mass compositions in both the bed and in the upper region of the combustor. This
uniformity allows the FBC'sto operate at lower excess air and temperature levels than conventional
combustion systems. Waste-fired FBC's typically operate at excess air levels between 30 and 100 percent
and at bed temperatures around 815°C (1500°F). At thistemperature, most mercury and mercury
compounds will be volatilized and exhausted with the combustion gas stream as a vapor.

In terms of number of facilities, modular starved-(or controlled-) air (MOD/SA) combustors
represent a noteable segment of the existing MWC population. However, because of their small sizes, they
account for only a small percentage of the total capacity. The basic design of aMOD/SA combustor consists
of two separate combustion chambers, referred to asthe "primary” and "secondary” chambers. Wasteis
batch-fed intermittently to the primary chamber by a hydraulically activated ram. The charging bin isfilled
by afront-end loader or by other mechanical systems. Waste is fed automatically on a set frequency, with
generaly 6 to 10 minutes between charges.

Waste is moved through the primary combustion chamber by either hydraulic transfer rams or
reciprocating grates. Combustors using transfer rams have individual hearths upon which combustion takes
place. Grate systems generally include two separate grate sections. In either case, waste retention timesin
the primary chamber are lengthy, lasting up to 12 hours. Bottom ash is usually discharged to awet quench

pit.

The quantity of air introduced in the primary chamber defines the rate at which waste burns.
Combustion air is introduced in the primary chamber at substoichiometric levels, resultingin afluegasrichin
unburned hydrocarbons. The combustion air flow rate to the primary chamber is controlled to maintain an
exhaust gas temperature set point [generally 650° to 980°C (1200° to 1800°F)], which corresponds to about
40 to 60 percent theoretical air. Asthe hot, fuel-rich flue gases flow to the secondary chamber, they are
mixed with excess air to complete the burning process. Because the temperature of the exhaust gases from
the primary chamber is above the autoignition point, completing combustion is simply a matter of introducing
air to the fud-rich gases. The amount of air added to the secondary chamber is controlled to maintain a
desired flue gas exit temperature, typically 980° to 1200° (1800° to 2200°F). At these primary chamber and
secondary chamber temperatures, essentialy all of the mercury contained in the waste is expected to be
emitted as a vapor from the secondary chamber with the combustion gas stream.

6.4.3 Emission Control Measures

Mercury emissions from MWC units are controlled to alimited extent by adsorbing the mercury
vapors from the combustion chamber onto the acid gas sorbent material and then removing the particle-phase
mercury with a high-efficiency PM control device. The PM control devices most frequently used in the
United States are ESP's and fabric filters. To achieve this mercury control reducing flue gas temperature at
the inlet to the control device to 175°C (350°F) or lessis beneficial.” Typlcally newer MWC systems use a
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combination of gas cooling and duct sorbent injection (DSI) or spray dryer (SD) systems upstream of the PM
device to reduce temperatures and provide a mechanism for acid gas control.

The information contained in Reference 74 suggests that these combined acid gas/PM systems can
achieve improved mercury control by injecting activated carbon or modified activated carbon into the flue gas
upstream from the DSI or SD unit. With activated carbon injection, mercury control isincreased to
90 percent. The paragraphs below briefly describe the DSI and SD processes. Because the ESP's and FF's
used on MWC's are comparabl e to those used on other combustion systems, they are not described.

Spray drying in combination with either fabric filtration or an ESP is the most frequently used acid
gas control technology for MWC'sin the United States. Spray dryer/fabric filter systems are more common
than SD/ESP systems and are used most on new, large MWC's. In the spray drying process, limeisdurried
and then injected into the SD through either rotary atomizer or dual-fluid nozzles. The key design and
operating parameters that significantly affect SD acid gas performance are the SD's outl et temperature and
lime-to-acid gas stoichiometric ratio. The SD outlet temperature, which affects mercury removal, is
controlled by the amount of water in the lime slurry.”2

With DS, powdered sorbent is pneumatically injected into either a separate reaction vessel or a
section of flue gas duct located downstream of the combustor economizer. Alkali in the sorbent (generally
calcium) reacts with HCI and SO, to form alkali salts (e.g., calcium chloride [CaCl,] and calcium sulfite
[CaSOs]). Some unitsalso use humldlflcatlon or other temperature control measures upstream from the
CO||eC7'[I2 on device. Reaction products, fly ash, and unreacted sorbent are collected with either an ESP or fabric
filter.

Recent test programs using activated carbon injection have been conducted in the United States.
Recent test results have shown mercury removal efficiencies from 90 percent to over 95 percent with
activated carbon injection.?” Other test results show mercury reductions ranging from 50 to over 95 percent,
depending on the carbon feed rate, with typical outlet Hg concentrations of less than 50 p.g/dscm.®7:7274 As
aresult of the emission standards devel oped for municipa waste combustors under section 129 of the Clean
Air Act Amendments, new (subpart Eb) and existing (subpart Ch), MWC'swill typically operate with spray
dryer/fabric filter systems with activated carbon injection.

6.4.4 Emissions

The primary source of mercury emissions from municipal waste combustors is the combustion gas
exhaust stack. However, small amounts of mercury may be emitted as part of the fugitive PM emissions from
fly ash handling, particularly if highly efficient dry control systems are used.

A recent EPA report documenting 1995 estimates of the mercury emissions from municipal waste
combustors indicates that mercury emissions from MWC's decreased by 48 percent between 1990 and
1995.57 Estimated 1990 mercury emissions were 49 Mg (54 tons) and for 1995, emissions are estimated to
be 26 Mg (29 tons). This decrease in mercury emissionsiis attributed to retrofits of air pollution controls on
some MWC's, retirement of several existing MWC's, and significant reductions in uncontrolled mercury
emissions due to decreased levels of mercury in consumer products such as batteries. The inventory of
MW(C's used to develop the 1995 estimates of mercury emissionsis presented in Appendix B. Relative to the
1